Introduction
============

Cell therapy remains a controversial approach for treating human disorders \[[@b1]--[@b3]\]. Laboratory and clinical data are divided on trans-differentiation of cells from non-neuronal origin, with studies reporting failure of hematopoietic bone marrow cells to differentiate into brain cells \[[@b4], [@b5]\], whereas equally compelling evidence demonstrates that peripherally transplanted adult human bone marrow cells in patients with hematologic malignancies entered the brain and generated neurons \[[@b6], [@b7]\]. Clinical trials of cell therapy for neurological disorders have been performed in Parkinson's disease, Huntington's disease and stroke \[[@b8]--[@b10]\]. Two major lines of mechanistic investigations on cell therapy have focussed on the concepts that either transplanted cells will replace the damaged host cells or the grafts will serve as neurotrophic factor--secreting vehicles, both pathways implicated to afford neuroprotection and/or neurorestoration. Because the absence of surviving grafts correlates with continued display of neurological deficits in transplant recipients, in both animal models of CNS disorders and patients \[[@b11], [@b12]\], a scientific bias exists for dismissing transplantation results as 'placebo effects' when graft survival could not be unequivocally demonstrated in the event of functional recovery. To this end, we previously showed that transplant-mediated functional recovery could occur in stroke without CNS entry of grafted cells, provided that neuroprotective molecules secreted by these cells crossed the blood--brain barrier (BBB) and reached the injured brain site \[[@b13]\]. The aim of the present study was drawn from our previous report \[[@b13]\] in adult stroke animals showing mannitol facilitation of trophic factor effects produced by intravenously administered HUCB. Here, we now hypothesized that mannitol treatment in neonatal HI injured animals would similarly enhance the therapeutic benefits of HUCB grafts by permeating the BBB, thereby improving the access of trophic factors secreted by the transplants from the periphery to the brain. In the present study, we tested whether the same BBB manipulation approach potentiates the therapeutic effects of intravenously delivered human umbilical cord blood (HUCB) in a neonatal hypoxic-ischaemic (HI) injury model. The rat neonatal HI model mimics the brain injury, such as cerebral palsy, occurring in infants. No treatment is available for this disorder; thus demonstrating efficacy with cell therapy in HI model would potentially benefit a large number of infants.

Materials and methods
=====================

Animals
-------

We examined the behavioural effects and histological status of early intravenous delivery of HUCB cells into neonatal rats ([Table 1](#tbl1){ref-type="table"}). NIH and IACUC guidelines for use of animals in research were followed. Seven-day-old Sprague--Dawley rats were initially subjected to unilateral HI injury \[[@b14]\]. Briefly, rat pups underwent permanent ligation of the right common carotid artery under anaesthesia with 2% isoflurane. A midline cervical incision was made to expose the right common carotid artery, which was ligated by a single suture. The incision was closed with interrupted 6-0 silk sutures. The pups were then placed with the dams for 2 hrs before placement in an 8% oxygen chamber partially immersed in a water bath at 37°C for 2.5 hrs. The animals were then placed on a temperature-controlled blanket until they recovered from anaesthesia. At day 7 after HI injury, animals (*n*= 8 per treatment group) received injections of vehicle alone, mannitol alone, HUCB cells (15k mononuclear fraction) alone or a combination of mannitol and HUCB *via* the jugular vein. For transplantation and mannitol treatment, anaesthetized (equithesin, 300 mg/kg IP) animals received intravenous (jugular vein) injection of HUCB (from Saneron CCEL Therapeutics, Inc, Tampa, FL, in 0.2 ml PBS) or vehicle (PBS, same volume) over 2 min. Immediately thereafter, using the same intravenous line, animals received either 1.1 mol/l mannitol (maintained at 4°C) or vehicle (PBS, also maintained at 4°C) at a volume of 0.01 ml/g body weight over 5 min.

###### 

Timeline of experimental procedures

  -------------- ----------------------------------------------------------
  Day 0          Seven-day-old rats exposed to hypoxic-ischaemic injury
  Day 0          Transplantation of HUCB, manniol, vehicle or combination
  Day 3          Separate cohort of animals processed for ELISA
  Day 7 and 14   Behavioural tests
  Day 14         Histological assays
  -------------- ----------------------------------------------------------

Behavioural testing
-------------------

Behavioural tests were conducted at post-transplantation days 7 and 14 to reveal HI-induced deficits in motor asymmetry and motor coordination using the elevated body swing test (EBST) and the Rotarod, respectively. The EBST provided a motor asymmetry parameter and involved handling the animal by its tail and recording the direction of the biased body swings \[[@b15]\]. The EBST consisted of 20 trials with the number of swings ipsilateral and contralateral to the ischaemic hemisphere recorded and expressed in percentage to determine the biased swing activity. The Rotarod treadmill (Accuscan, Inc., Columbus, OH) generated data by averaging the scores (total time spent on treadmill divided by five trials) for each animal on days 7 and 14. Each animal was placed in a neutral position on a 3-cm-diameter cylinder, then the rod rotated with the speed accelerated linearly from 0 rpm to 24 rpm within 60 sec., and the time spent on the Rotarod was recorded automatically. The maximum score given to an animal was fixed to 60.

Immunohistochemistry
--------------------

HUCB cell graft survival was examined using a human-specific antibody. Animals were anaesthetized with xylazine (13 mg/kg i.p.) and ketamine (44 mg/kg i.p.) then perfused with saline (150 ml) *via* a cardiac catheter. The brain was removed and stored in 4% paraformaldehyde with 25% sucrose until cryostat sectioning. Based on our previous study showing hippocampal damage following HI injury, we focussed our histological analyses within the hippocampal region. Brain sections were cut at 20 μm cryostat thickness and processed for immunohistochemistry. Free-floating sections were incubated overnight at 4°C with an anti-human nuclei (HuNu) antibody (mouse monoclonal IgG, 1:300, Chemicon, Billerica, MA, USA) with 10% normal horse serum (Vector, Burlingame, CA, USA) and 0.2% TritonX (Fischer Scientific, Pittsburg, PA, USA). After several rinses in PBS, sections were incubated for 1 hr in bisBenzimideH 33342 trihydrochloride (Hoechst33342, 1:1000, Sigma, St Louis, MO, USA). Alternate sections were processed for MAP2 (1:500, Abcam, Cambridge, MA, USA) to reveal dendritic density in the CA1 region. The sections were washed three times in PBS and mounted on Superfrost® Plus glass slides (Erie Scientific, Portsmouth, NH, USA) and embedded with mounting medium (Biomeda, Foster City, CA, USA). The fluorescent images were captured by Zeiss Axio Imager (Thornwood, NY, USA). Control studies included exclusion of primary antibody substituted with 10% normal horse serum in PBS. No immunoreactivity was observed in these controls. For estimation of preservation of dendrites in the CA1, two randomly selected visual fields in each coronal level, using three levels, were photographically captured (Zeiss Axio Imager). For analyses of the density of MAP2-positive density in the CA1, two areas of the HI-injured CA1 and the two corresponding areas in the control, non--HI-injured CA1 were analyzed using Scion Image software (Scion, Frederick, MD). Binary images were created using a distinct threshold, and then the positive areas were calculated and summed up. To further control the estimation of the MAP2 fibre density, the sections were counterstained with the cell nuclear marker DAPI, thereby allowing calculation of the number of dendrites divided by cell numbers in the identical area to show an average dendrite per cell. The percent ratio of the value in the HI-injured CA1 to the intact side was used for statistical analyses.

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

Parallel groups of animals (an additional *n*= 5 per treatment group) from the four treatment conditions were euthanized at day 3 post-transplantation for ELISA of known CNS growth factors, including GDNF, NGF and BDNF, which have been previously shown to exert neurotrophic effects in ischaemic injury. We followed the ELISA method described elsewhere \[[@b16]\] with minor modifications. Anaesthetized animals were decapitated, their brains removed quickly and the hemisphere ipsilateral to the stroke side was dissected and stored at 270°C until analysis. Brains were homogenized using a Teflon homogenizer (setting 7, 20 strokes) in a lysis buffer (137 mM NaCl, 20 mM Tris, pH 8.0, 1% NP-40, 10% glycerol, 1 mM phenylmethyl-sulfonyl-fluoride \[PMSF\], 10 mg/ml aprotinin, 2 mg/ml leupeptin, 1 mM sodium vanadate). The homogenates were centrifuged at 12,000*g* for 20 min. The pellets were discarded and the supernatant was acidified to enhance the detection of neurotrophic factors. Samples were then neutralized to pH 7.4 and then adjusted with buffer to contain the same amount of protein per ml (2 mg/ml). Protein concentrations were measured by using the BCA kit (Pierse, Rockford, IL). The samples were assayed for GDNF, NGF and BDNF by ELISA, using trophic factor antibodies obtained from R&D Systems (Minneapolis, MN). A THERMOmax 96-well microplate reader (Molecular Devices Corp., Sunnyvale, CA) was used to measure the optical densities.

Statistical analysis
--------------------

Behavioural scores and trophic factor expression levels were initially analyzed using ANOVA, followed by post hoc Bonferroni t-tests for pair-wise comparisons between treatment groups. The level of significance was set at \<0.05.

Results
=======

Mannitol enhances behavioural recovery of HI-injured animals transplanted with HUCB
-----------------------------------------------------------------------------------

Behavioural tests were conducted at post-transplantation days 7 and 14 ([Fig. 1](#fig01){ref-type="fig"}). Repeated measures of ANOVA revealed significant treatment effects (EBST: *F*~3,28~= 64.63, *P* \< 0.0001; Rotarod: *F*~3,28~= 88.68, *P* \< 0.0001) and pair-wise t-test comparisons revealed that HI animals that received HUCB cells alone or when combined with mannitol were significantly less impaired in motor asymmetry and motor coordination as revealed by the EBST (*P* \< 0.01) and the Rotarod test (*P* \< 0.01), respectively, compared with those that received vehicle alone or mannitol alone at both post-transplant testing days (EBST, day 7: *F*~3,28~= 44.70, *P* \< 0.0001; EBST, day 14: *F*~3,28~= 69.24, *P* \< 0.0001; Rotarod, day 7: *F*~3,28~= 39.93, *P* \< 0.0001; Rotarod, day 14: *F*~3,28~= 52.23, *P* \< 0.0001). Moreover, the HI animals that received combined HUCB cells and mannitol (22% reduction and 28% increment in EBST and Rotarod) displayed significantly better improvement than those that received HUCB cells alone (16% and 19%) at both post-transplant testing days (EBST: *P* \< 0.01 and *P* \< 0.001 for days 7 and 14; Rotarod: *P*s \< 0.01 for days 7 and 14).

![HUCB grafts ameliorate HI-induced behavioural deficits. EBST (A), Rotarod (B). Significant behavioural recovery of locomotor tasks in transplanted HI-injured animals (*P* \< 0.05 *versus* vehicle or mannitol alone) was detected at both post-transplant testing days. Both groups of HI animals that received HUCB cells alone or when combined with mannitol were significantly less impaired in EBST and Rotarod test compared with those that received vehicle alone or mannitol alone at both post-transplant testing days 7 and 14, but the HI animals that received combined HUCB cells and mannitol displayed significantly better improvement than those that received HUCB cells alone (*P*s \< 0.01 *versus*\*vehicle/mannitol or \*\*HUCB alone). Data are shown as mean values + S.E.](jcmm0014-0914-f1){#fig01}

Few HUCB cells survive in the brains of HI-injured animals
----------------------------------------------------------

Histological assays of graft survival at day 14 post-transplantation revealed only sporadic surviving HUCB cells detected in the HI-injured hippocampus (*i.e.* dentate gyrus) ([Fig. 2](#fig02){ref-type="fig"}). Although surviving HUCB cells were observed in all transplanted animals with or without mannitol treatment, we only found about 2--25 HUCB cells per brain. There was no significant difference in HUCB graft survival between transplanted animals that were treated or did not receive mannitol treatment (*P* \> 0.1). No HUCB cell was recognized in vehicle and mannitol-only treatment groups. Further histological analyses to reveal neurotrophic effects of HUCB grafts on host endogenous cells revealed that hippocampal CA1 dendritic density ([Fig. 3](#fig03){ref-type="fig"}) was partially normalized by HUCB alone or HUCB and mannitol combination (*F*~3,28~= 54.28, *P* \< 0.0001; post hoc t-tests *P*s \< 0.01 *versus* vehicle or mannitol).

![Sporadic HUCB grafts survive in HI brains. Representative images of microscopically detected HUCB cells alone (A--D) and HUCB cells + mannitol (E--H; adjacent section with high magnification images shown in I--K). Very few HuNu-positive HUCB cells (green) were detected in the HI-injured hippocampal dentate gyrus, which co-labelled with the nuclei marker Hoechst (blue). These data indicate that only a handful of intravenously transplanted HUCB cells reached the ischaemic hippocampus. Bar = 60 μm. Individual and mean cell counts of HuNu positive cells are shown in panels L and M, respectively.](jcmm0014-0914-f2){#fig02}

![HUCB grafts partially normalize hippocampal dendritic density. Transplantation of HUCB alone or in combination with mannitol led to partial normalization of hippocampal dendritic density in HI-injured animals. Data are presented as percentage + S.E. of control (A). (B) Vehicle, (C) Mannitol, (D) HUCB alone and (E) HUCB + mannitol. Quantitative analyses are shown in (F). \**P*s \< 0.01 *versus* vehicle or mannitol. Bar = 60 μm.](jcmm0014-0914-f3){#fig03}

Mannitol up-regulates CNS growth factors in HI-injured animals transplanted with HUCB
-------------------------------------------------------------------------------------

Parallel groups of animals from the three treatment conditions (*n*= 5 per treatment group) were euthanized at day 3 post-transplantation for ELISA ([Fig. 4](#fig04){ref-type="fig"}). ANOVA revealed significant treatment effects on CNS levels of all three growth factors examined (GDNF: *F*~3,16~= 207.44, *P* \< 0.0001; NGF: *F*~3,16~= 391.96, *P* \< 0.0001; BDNF: *F*~3,16~= 167.85, *P* \< 0.0001). Pair-wise t-test comparisons consistently showed elevated levels of GDNF, NGF and BDNF in the brains of HI animals that received HUCB cells alone or when combined with mannitol compared with those that received vehicle alone or mannitol alone (*P*s \< 0.0001 for all three neurotrophic factor). In addition, each neurotrophic factor up-regulation was markedly higher in HI animals that received the combined HUCB cells and mannitol (threefold) compared with those that received HUCB cells alone (twofold) (GDNF: *P* \< 0.0001; NGF: *P* \< 0.0001; BDNF: *P* \< 0.0004).

![HUCB grafts promote neurotrophic factor up-regulation in HI brains. ELISA revealed that both groups of HI animals that received HUCB cells alone or when combined with mannitol significantly increased GDNF, NGF and BDNF brain levels at day 3 after HI compared with animals treated with vehicle alone or mannitol alone, but the HI animals that received combined HUCB cells and mannitol displayed significantly better improvement than those that received HUCB cells alone (*P*s \< 0.0001 *versus*\*vehicle/mannitol or \*\*HUCB alone). Data are shown as mean values + S.E.](jcmm0014-0914-f4){#fig04}

Discussion
==========

The present study extends the utility of mannitol in potentiating the therapeutic efficacy of cell therapy in adult stroke to neonatal HI injury animal model. The permeation of the BBB *via* mannitol enhanced the behavioural recovery achieved by intravenously transplanted HUCB cells in HI-injured animals. In addition, such mannitol treatment when combined with HUCB transplantation further increased the CNS levels of at least three neurotrophic factors, namely, GDNF, NGF and BDNF. Although mannitol treatment did not increase HUCB graft survival, the combined BBB permeation and HUCB transplantation significantly elevated trophic factor levels in the HI brain, which could have mediated the robust functional improvement. These results support our concept that the therapeutic outcome produced by cell therapy can be recognized not solely based on graft survival in the injured brain but also through improved entry of neuroprotective and/or neurorestorative molecules from the periphery into the CNS. We previously reported that ELISA revealed partially increased (15% above control non-stroke animals) levels of trophic factors from circulating blood in stroke animals that received intravenous HUCB grafts plus mannitol \[[@b13]\]. In contrast, no detectable elevations in trophic factors in circulating blood were obtained from stroke animals injected either with intravenous HUCB grafts alone, mannitol alone or vehicle alone compared with controls. These observations further strengthen the notion that significant elevation of trophic factors in the brain, instead of the peripheral blood circulation, likely mediated the functional recovery of HI-injured animals that received the combination treatment of HUCB and mannitol.

Cerebral palsy accounts for a number of neurological disorders that occur in infancy or early childhood, with majority due to genetic syndromes \[[@b17], [@b18]\] and others caused by brain infections \[[@b19]\], such as bacterial meningitis or viral encephalitis, or head injury from perinatal brain damage \[[@b20]\], vehicular accident \[[@b21]\] or child abuse and neglect \[[@b22]\]. There is no cure for cerebral palsy, but physical therapy \[[@b23]\] along with other rehabilitation treatments (*e.g.* occupational therapy, speech therapy), as well as drugs for seizure and muscle spasm regulation, and pain medication may improve the child's daily activities \[[@b24]--[@b26]\]. The brain damage produced by the rat neonatal HI model recapitulates some of the CNS malformations seen in cerebral palsy infants. We previously reported consistent hippocampal cell loss following HI insult in the neonatal rat \[[@b27]\], thereby allowing investigations into the potential of cell therapy for cerebral palsy.

Intravenous delivery of HUCB alone promoted behavioural recovery in HI-injured animals, but the functional improvement was more pronounced when HUCB transplantation was combined with mannitol, which is used clinically for hyperosmolar therapy. The amelioration of behavioural abnormalities represents improvement in both motor asymmetry and motor coordination as revealed by EBST and Rotarod test, respectively, which persisted in the two test periods of days 7 and 14 post-transplantation. The combination of HUCB transplantation and mannitol treatment enhanced the behavioural recovery by about 40% in EBST and 50% in Rotarod compared with HUCB transplantation alone. Long-term monitoring of these motor tasks to reveal stable functional outcome and to determine the need for booster HUCB transplantation and mannitol treatment should further provide guidance on the optimal therapeutic regimen for HI. In addition, in view of the established involvement of the hippocampus in learning and memory, the assessment of cognitive performance in HI-injured animals undergoing this treatment should be pursued in subsequent studies.

The present HUCB cell dose of 15k is dramatically low compared with previously reported therapeutically active doses for HUCB. In our previous study in adult stroke \[[@b13]\], we found that 200,000 HUCB cells (already considered a low dose) when combined with mannitol mimics those seen in other reports using much higher doses (\>500,000 cells without mannitol) of IV HUCB in stroke \[[@b28], [@b29]\]. A plausible explanation for the ability of a much lower cell dose of HUCB to exert therapeutic benefits in HI is likely due to the neonatal brain being more plastic than the adult brain, thereby allowing the young host microenvironment to respond more appropriately to therapeutic intervention. Although our initial concept for BBB permeation was to allow for the donor cells to be injected acutely after brain injury, we recognized that the diagnosis of cerebral palsy normally takes place after days or a few weeks after birth. Accordingly, we adjusted the timing of cell transplantation and mannitol, to augment the clinical application of this treatment for cerebral palsy. Here, we show that even with a 1-week delay post-injury, mannitol was able to potentiate the therapeutic effects of HUCB, suggesting that BBB permeabilization in neonates is critical for optimizing the functional outcome of cell therapy when the chosen route of cell administration is from the periphery. With the mannitol enhancement of HUCB-induced behavioural recovery, such minimally invasive intravenous cell delivery offers a more practical and a less traumatic approach than directly injecting cells into the brain, especially when the transplant recipient is an infant.

In agreement with our study in adult stroke \[[@b13]\], the present results indicate that spontaneous BBB opening produced by HI injury was not permissive enough to allow CNS entry of endogenous or graft-derived trophic factors, suggesting the need for exogenous BBB manipulation. We concur that BBB may not be fully developed in neonatal rats, but even such immature BBB appears capable of blocking the entry of peripherally secreted growth factors as seen in our neonatal animals that received HUCB alone without mannitol treatment. In contrast, mannitol treatment in neonatal animals that received HUCB resulted in elevated CNS levels of growth factors, suggesting that even an immature BBB needs to be permeabilized in order to achieve enhanced entry of peripherally secreted growth factors by HUCB. A perturbed BBB permeability produced by mannitol facilitates mobilization of graft-derived trophic factors to be present in the brain to exert therapeutic benefits. The lack of significant increments in brain trophic factor levels in HI-injured animals that received vehicle alone or mannitol alone suggests that HUCB grafts instead of the host tissues *per se* were likely the source of elevated CNS levels of trophic factors. In concert with preclinical evidence demonstrating the neuroprotective and neuroregenerative effects of GDNF in ischaemic injury \[[@b30], [@b31]\], cell-based CNS therapies designed to deliver GDNF, in combination with a cocktail of known and yet to be determined trophic factors secreted by stem cells such as HUCB, may further enhance the therapeutic benefits produced by exogenous delivery of a single or a few specific trophic factors. Although host-derived growth factors have been shown to be up-regulated after ischaemic injury, this endogenous compensatory mechanism is not sufficient to afford neuroprotection and neuroregeneration. Accordingly, we postulate that the observed elevation of CNS growth factors following mannitol treatment is likely derived from the peripherally transplanted HUCB. Our previous study \[[@b13]\] showed that the use of neutralizing trophic factor antibodies by exposing HUCB cells to antibodies against GDNF, NGF and BDNF before transplantation prevented elevations in trophic factor levels, and completely blocked the behavioural and histological beneficial effects produced by combined HUCB and mannitol treatment. These observations implicate the pivotal role of mannitol permeabilization of BBB in promoting the trophic factor effects of peripherally administered HUCB grafts to be manifested in ischaemic brain injury.

The visualization of a few surviving HUCB cells in the brains of HI-injured brains is unexpected because we did not detect any grafted HUCB cells in transplanted adult stroke animals \[[@b13]\]. As noted earlier, it is likely the plastic neonatal brain creates a more conducive host microenvironment for the HUCB cells to survive. This favourable neonatal host brain, in tandem with mannitol treatment, might have facilitated the migration of the HUCB cells from the periphery since chemokine up-regulation, such as stromal cell--derived factor 1, accompanies neonatal HI injury \[[@b32]\]. We have previously shown that cultured \[[@b33], [@b34]\] or grafted HUCB \[[@b35]\] cells express phenotypic neuronal markers, which could have contributed to the observed functional recovery. Indeed, differentiation of grafted cells into neural lineage, including neurons and astrocytes, has been implicated in reorganization of the HI-injured neonatal brain \[[@b36]\]. However, the very low number of HUCB cells that crossed the BBB even with mannitol treatment supports the notion that the primary mechanism underlying the functional recovery was likely mediated by neurotrophic factor secretion rather than HUCB graft survival in the brain *per se*. Additional immunohistochemical assays (not shown) using neuronal (MAP2), glial (GFAP) and oligodendrocytic (O4) markers reveal that none of the few cells reaching the brain expressed any of these phenotypic labelling, suggesting that HUCB cells did not differentiate into a neuronal lineage. These observations further strengthen our claim that graft survival and/or neuronal commitment only partially contributed to the therapeutic benefits, and that CNS elevation of neurotrophic factors either directly by HUCB cells or indirectly whereby HUCB cells stimulated the spared endogenous cells to up-regulate known, as well as yet to be determined, growth factors largely played the key role in affording protection from and/or repair of the HI-injured brain regions. In the end, the primary mechanistic pathway we invoke for the observed therapeutic benefits is that mannitol facilitates the up-regulation of growth factors by HUCB cells, host cells or both in the CNS where these molecules abrogated HI injury. The present cell transplant--mediated trophic factor neuroprotection and/or neuroregeneration parallels our previous reports showing that the cell dose administered, rather than the subsequent number of surviving cells, appears to correspond to the therapeutic threshold to recognize functional recovery \[[@b13], [@b27], [@b37], [@b38]\]. This concept of 'bystander effects' (*i.e.* growth factor secretion) overriding the 'cell replacement' (*i.e.* graft survival) has recently received direct scientific support \[[@b39], [@b40]\]. Of note, we observed here that HUCB grafts alone or in combination with mannitol partially normalized dendritic density in hippocampal CA1 region, suggesting neurotrophic factor effects.

These results, taken together, advance the strategy of BBB permeation *via* mannitol treatment as an adjunct to intravenous transplantation of HUCB for treating neonatal HI injury, as demonstrated previously in adult stroke \[[@b13]\]. The present therapeutic benefits of combined mannitol and HUCB were achieved without immunosuppression, which is often accompanied by deleterious side effects, thereby further paving the way for autologous, as well as allograft transplantation.
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